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PREFACE 
 
Sandwich materials and structures have an increasing relevance in engineering, in 
various industrial applications. 
This volume of proceedings contains 4 keynote lectures, and 80 contributed papers 
presented at the 8th International Conference on Sandwich Structures held on 6-8 
May 2008 in Porto, Portugal. 
 
The conference provided an international forum for discussion and dissemination of 
recent advances in sandwich structures science and technology and its industrial 
applications. The papers presented at the conference cover a wide spectrum of 
topics and were contributed from 20 countries around the world. They report the 
current state-of-the-art and point to future directions of research of this promising 
and exciting area. 
 
The organization of such a conference would not have been possible without the 
support and contributions of many individuals and organizations. The conference 
was supported by The Office of Naval Research, USA, with Dr. Yapa D. S. 
Rajapakse as the program manager, by the Rector of the University of Porto, 
Portugal, by INEGI, Portugal, by the industrial companies ALCAN Composites, 
Switzerland  and Evonik – Rohm, Germany, and finally by the FCT – Portuguese 
Foundation for Science and Technology. The conference received the kind 
endorsement of the American Society for Composites, the International Committee 
for Composite Materials, the Society of Plastics Engineers Europe and the 
Portuguese Association for Theoretical, Applied and Computational Mechanics. I 
am indebted to Professor Ole Thybo Thomsen of Aalborg University, Denmark for 
continuous discussion and assistance during the organization of this conference. I 
am also indebted to Professor António Torres Marques for the organization of the 
Advanced School on Sandwich Structures, held just before the ICSS8 conference. 
The support of all members of the Scientific Committee in the review of abstracts is 
highly appreciated. In particular the support of Professor Jack Vinson will provide 
authors the opportunity to submit extended versions of their papers for review and 
potential publication at the Journal of Sandwich Structures and Materials. This 
conference would not have its success without the kind support of Dr. Yapa D. S. 
Rajapakse, organizer of ONR special sessions on marine applications. 
 
Thanks to all contributions for their careful preparation of the manuscripts and all 
the Plenary Speakers for their special support. 
 
I would like to thank my colleagues Paulo Neves, Ana Neves, and Carla Roque for 
their patience in helping the organization. 
  
 
 
 
INTERNATIONAL SCIENTIFIC COMMITTEE 
 
Dr. Mark Battley, Industrial Research Limited, New Zealand 
Professor, Dr. Ing., Christophe Binetruy, Ecole des Mines de Douai, France 
Associate Professor, Ph.D., Elena Bozhevolnaya, Aalborg University, Aalborg, 
Denmark 
Associate Professor, Ph.D., Antonio J. M. Ferreira, Faculdade de Engenharia da 
Universidade do Porto, Portugal 
Professor, Ph.D., Manuel Freitas, Instituto Superior Técnico, Portugal 
Professor, D.Sc., Yeoshua "Shuki" Frostig, Israel Institute of Technology - 
Technion, Israel 
Dr. Brian Hayman, Det Norske Veritas (DNV), Norway 
Professor, Dr. Ing., Axel Herrmann, Airbus, CTC GmbH, Germany  
Professor, Ph.D., George Kardomateas, Georgia Institute of Technology (Georgia 
Tech), U.S.A. 
Professor (em.), Dr. Ing., Hans-Reinhard Meyer-Piening, Eidgenössische 
Technische Hochschule (ETHZ), Zürich, Switzerland 
Dr. Yapa D. S. Rajapakse, Office of Naval Research (ONR), U.S.A. 
Professor, Ph.D., Bhavani Sankar, University of Florida, U.S.A. 
Professor, Ph.D., R. Ajit Shenoi, School of Engineering Sciences University of 
Southampton, United Kingdom 
Professor, D.Sc., Vitaly Skvortsov, St. Petersburg State Marine University, Russia  
Dr. Alois Starlinger, Stadler Altenrhein AG, Switzerland 
Professor, Ph.D., C. T. Sun, Purdue University, U.S.A. 
Professor, Ole T. Thomsen, Ph.D Aalborg University, Aalborg, Denmark  
Professor, Ph.D., Jack Vinson, University of Delaware, U.S.A. 
Professor, Ph.D., Antonio Torres Marques, University of Porto, Portugal 
Professor, Ph.D., Antonio Augusto Fernandes, University of Porto, Portugal 
Professor, Ph.D., Dan Zenkert, Royal Institute of Technology (KTH), Sweden 
CONTENTS  
Preface 
International Scientific Committee  
Index 
PLENARY LECTURES  
Yapa D. S. Rajapakse, Research in composite sandwich structures at ONR 3 
Norman Fleck, The dynamic performance of sandwich beams with lattice cores 
 
4 
Torben Krogsdal Jacobsen, Sandwich structures in rotor blades for wind turbines  6 
Dan Zenkert, Future needs for sandwich structures research and development 
 
9 
CONTRIBUTED PAPERS  
ONR SESSIONS  
Akawat Siriruk, Dayakar Penumadu, and Y. Jack Weitsman, Effect of sea water on mechanical 
properties of polymeric foam and sandwich composites 
15 
Arun Shukla and Srinivasan ArjunTekalur, Blast performance of sandwich composites 25 
Michelle Hoo Fatt and Leelaprasad Palla, Blast response of composite sandwich panels 38 
Renfu Li, George A. Kardomateas and George J. Simitses, Blast non-linear response of 
composite sandwich plates with compressible cores 
50 
Isaac M. Daniel, The influence of core properties on failure of composite sandwich beams 63 
Francesca Campi and Roberta Massabò, Interaction of skin damage on the indentation behavior 
of sandwich beams 
 
75 
Johnny Jakobsen, Jens H. Andreasen, Ole T. Thomsen and Elena Bozhevolnaya, Fracture 
mechanics modelling and experimental measurements of crack kinking at sandwich core-core 
interfaces 
85 
Michael L. Silva and Guruswami Ravichandran, Characterizing sandwich structures under hull 
slamming loading conditions 
97 
Jørgen A. Kepler, A. H. Sheikh and P. H. Bull, A lumped-mass / spring model for localized 
impact on sandwich structures 
105 
Martin Johannes, Elena Bozhevolnaya and Ole T. Thomsen, Failure and fatigue of sandwich 
structures with core junctions 
117 
E. E. Gdoutos and V. Balopoulos, Kinking of interfacial cracks in sandwich beams 126 
M. Johannes, J. M. Dulieu-Barton, E. Bozhevolnaya, and O.T. Thomsen, Evaluation of the 
stresses at core junctions in sandwich structure using thermoelastic stress analysis 
138 
Fu-pen Chiang and Gunes Uzer, Auxetic PVC foam as a core material for sandwich panels 150 
N. Apetre, M. Ruzzene, S. Hanagud, and S. Gopalakrishnan, Spectral and perturbation analysis 
of sandwich beams with a notch damage 
159 
C. Berggreen and L. A. Carlsson, Fracture mechanics analysis of a modified TSD specimen 173 
A.Quispitupa, C. Berggreen and L.A. Carlsson, A debonded sandwich specimen under mixed 
mode bending (MMB) 
186 
J. Dean, P.M. Brown, and T.W. Clyne, The Low, Intermediate, and High Speed Impact 
Response of Lightweight Sandwich Panels with Metallic Fibre Cores 
199 
John P. Dear, Amit Puri, Alexander D. Fergusson, Andrew Morris, Ian D. Dear, Kim Branner, 
Peter Berring and Find M. Jensen, Digital image correlation based failure examination of 
sandwich structures for wind turbine blades 
212 
Kunigal Shivakumar, Huanchun Chen and Chris Ibeh, Failure modes and strength of glass/vinyl 
ester face sheet-eco-core sandwich panel 
224 
JACK VINSON’S SESSIONS  
Y. Frostig, On elastica response of sandwich panels with a compliant core 
 
249 
Ole T. Thomsen and Jesper Larsen, Simplified rule of mixtures approach for the accurate 
estimation of the elastic properties of grid-scored polymer foam core sandwich plates 
261 
S. Kazemahvazi and D. Zenkert, The compressive and shear responses of corrugated 
hierarchical and foam filled sandwich structures 
275 
R. Moslemian, C. Berggreen, L. A. Carlsson, F. Aviles and A. May, Buckling and fracture 
investigation of debonded sandwich columns: an experimental and numerical study 
 
287 
C. M. C. Roque, A. J. M. Ferreira and R. M. N. Jorge, An optimized shape parameter radial 
basis function formulation for composite and sandwich plates using a higher order formulation 
 
298 
J. Guilleminot, S. Comas-Cardona, D. Kondo, C. Binetruy and P. Krawczak, Micromechanical 
modelling of the composite reinforced foam core of a 3D sandwich structure manufactured by 
the NAPCO® technology 
 
308 
Oded Rabinovitch, Linear and nonlinear fracture mechanics modeling of interfacial debonding 
in modern sandwich panels 
 
318 
Mark Battley and Magnus Burman, Characterisation of ductile core materials 
 
330 
I. Quintana Alonso and N. A. Fleck, Damage tolerance of a sandwich panel with a cracked 
square honeycomb core loaded in shear 
 
342 
IMPACT 
 
 
Shu Minakuchi, Tadahito Mizutani, Yoji Okabe and Nobuo Takeda, Barely visible impact 
damage detection by distributed strain measurement along embedded optical fiber with 10cm 
spatial resolution 
 
357 
Sebastian Heimbs, P. Middendorf, C. Hampf, F. Hahnel and K. Wolf, Aircraft sandwich panels 
with folded core under impact load 
 
369 
S. Mohammad, R. Khalili, Keramat Malekzadeh, Low velocity impact response of sandwich 
structures with transversely flexible core and FML face sheets 
 
381 
Anders Lindström and Stefan Hallström, Energy absorption of sandwich panels with 
geometrical triggering features  
 
391 
Lars Massüger, Roman Gätzi, Fabian Dürig, Ivo Lüthi and Jochen Müller, On the perpendicular 
and in-plane impact behavior of core materials in sandwich structures 
 
403 
TESTING 
 
 
B. Hayman, C. Berggreen, C. Jenstrup and K. Karlsen, Advanced mechanical testing of 
sandwich materials 
 
417 
Jörg Feldhusen, Sivakumara K. Krishnamoorthy and Martin J. Benders, Shear strength 
characterization of PUR-foam core by modified 4-point bending tests 
 
428 
H. Talebi Mazraehshahi, A. Vahedi, B. Hamidi Qalehjigh and M.A. Vaziri Zanjani, Study on 
indentation test methodology of aircraft floor honeycomb core sandwich composite panels 
 
439 
Bruno Soares, Luis Reis and Arlindo Silva, Testing of sandwich structures with cork 
agglomerate cores 
 
451 
Monika Chuda-Kowalska, Andrzej Garstecki, Zbigniew Pozorski, Methods of experimental 
determination of soft core parameters in sandwich panels 
 
463 
David K. Hsu, Nondestructive evaluation of sandwich structures 
 
474 
Yasuo Hirose, Go Matsubara, Masaki Hojo and Hirokazu Matsuda, Evaluation of new crack 
suppression method for foam core sandwich panel via fracture toughness test and analyses 
under mode-I and mode-II type conditions 
 
488 
E. Saenz, A. Roth, F. Rosselli, X. Liu and R. Thomson, Mode I fracture toughness of PMI 
sandwich core materials 
 
499 
Y. Shen, S. McKown, S. Tsopanos, C.J. Sutcliffe, R. Mines and W. J. Cantwell, The fracture 
properties of lightweight sandwich structures based on lattice architectures 
 
511 
K. Branner, F. M. Jensen, P. Berring, A. Puri, A. Morris and J. P. Dear, Effect of sandwich core 
properties on ultimate strength of a wind turbine blade 
 
523 
Mohammad Adil, Marcus M. K. Lee, Behaviour of reinforced concrete sandwich panel with 
steel connectors under out-of-plane flexure 
 
534 
Nuno Pinto, Arlindo Silva and Luís Reis, Investigation of applicability of cork agglomerates in 
applications under shear strength  
 
546 
N. Raghu, M. Battley and T. Southward, Strength variability of inserts in sandwich panels 
 
5 58 
Alberto Zinno, Charles E. Bakis and Andrea Prota, Mechanical characterization and structural 
behaviour of composite sandwich structures for train applications 
570 
Duncan A. Crump, Janice M. Dulieu-Barton and John Savage, Analysis of full-scale aerospace 
sandwich panels under pressure loading 
582 
M. Akermo, Thermoforming of closed cell polymer foam and its residual compressive 
mechanical properties 
 
594 
Pierre C. Zahlen, Martin Rinker and Clemens Heim, Advanced manufacturing of large, 
complex foam core sandwich panels 
 
606 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PLENARY LECTURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
RESEARCH IN SANDWICH STRUCTURES AT ONR 
Yapa D. S. Rajapakse 
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Summary. The design and effective utilization of advanced marine structures, with enhanced 
performance characteristics and reduced life-cycle costs, provides many significant challenges 
to the engineering community. These structures operate in severe environments, and are 
designed to withstand complex multi-axial loading conditions, including highly transient 
loads. The unique and hostile marine environment requires us to account for the presence of 
sea water and moisture, temperature extremes, time-dependent three-dimensional loading due 
to wave/hull slamming and high sea states, hydrostatic pressure, and other factors. Additional 
requirements on Naval structures include the ability to withstand extreme dynamic loading, 
due to weapons impact, or to air or underwater explosions and implosions. 
The Solid Mechanics Research Program of the Office of Naval Research (ONR) provides the 
scientific basis for the effective design of affordable and reliable Naval structures, and for the 
assessment of structural integrity. The current focus is on mechanics of marine composite 
materials and composite sandwich structures. The program deals with understanding and 
modelling the physical processes involved in the response of glass-fiber and carbon-fiber 
reinforced composite materials and composite sandwich structures to static, cyclic, and 
dynamic, multi-axial loading conditions, in severe environments. The establishment of these 
models, with predictive capabilities, require multi-scale, multi-physics analysis. Avenues for 
enhancing the performance of marine composite structures through the introduction of 
nanoparticles (and nanotubes), and through the incorporation of novel design concepts, are 
also being explored. Research on multifunctional composites seeks to enhance performance 
through the incorporation of additional beneficial attributes, without compromising on the 
mechanical properties.  
Recent achievements of the leading researchers in mechanics of composite materials and 
sandwich structures, supported by the ONR Solid Mechanics Program, will be summarized. 
Topics covered include: sea water effects on marine composites, long term durability, 
size/scale effects, impact damage, fatigue and failure theories, strain rate effects, interfacial 
failure, interactions of multiple delaminations, failure and fatigue of foam core, fluid-structure 
interaction effects, and concepts for the  mitigation of damage. Future directions of research 
include greater emphasis on shock/blast effects, implosions, and hull slamming. 
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THE DYNAMIC PERFORMANCE OF SANDWICH BEAMS WITH 
LATTICE CORES 
Norman A. Fleck * 
*Cambridge University Engineering Dept., 
Trumpington St., Cambridge, CB2 1PZ, UK 
 
Summary. A combined experimental and numerical study has been performed to assess the 
potential of sandwich structures in resisting shock loading.  The sensitivity of static and 
dynamic core strength to core topology is explored, and the effects of fluid-structure 
interaction is included in the finite element analysis.  Experiments are performed on clamped 
beams and panels, using metal foam projectiles as a means of imposing the shock loading: the 
pressure-time transient is similar to that imposed by an underwater blast.  The core topologies 
investigated include the corrugated core, Y-core, square honeycomb, diamond core and 
prismatic core.  We take as specific examples here the dynamic response of the corrugated 
and Y-core. 
 
The dynamic response of fully clamped, monolithic and sandwich plates of equal areal mass 
has been measured by loading rectangular plates over a central patch with metal foam 
projectiles.  All plates are made from AISI 304 stainless steel, and the sandwich topologies 
comprise two identical face-sheets and either Y-frame or corrugated cores.  The resistance to 
shock loading is quantified by the permanent transverse deflection at mid-span of the plates as 
a function of projectile momentum.  At low levels of projectile momentum both types of 
sandwich plate deflect less than monolithic plates of equal areal mass.  However, at higher 
levels of projectile momentum, the sandwich plates tear while the monolithic plates remain 
intact.  Three-dimensional finite element (FE) calculations adequately predict the measured 
responses, prior to the onset of tearing.  These calculations reveal that the accumulated plastic 
strains in the front face of the sandwich plates exceed those in the monolithic plates.  These 
high plastic strains lead to failure of the front face sheets of the sandwich plates at lower 
values of projectile momentum than for the equivalent monolithic plates. 
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(a) (b) (c) 
Sketch of the (a) Y-frame and (b) corrugated sandwich cores as used in ship hull construction.  
The core is sandwiched between the inner and outer hulls of the ship.  (c) Sketch of the 
clamped sandwich plate geometry and the loading arrangement.  The cross-section is also 
shown for each topology.  All dimensions are in mm. 
 
 
 
Comparison of the measured normalized permanent rear-face deflections at mid-span of the 
dynamically loaded Y-frame and corrugated core sandwich structures, as a function of the 
foam projectile momentum I0.  The rear-face deflection of the sandwich structure is 
normalized with the rear-face deflection of the corresponding monolithic structure of the same 
mass.  
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SANDWICH STRUCTURES IN ROTOR BLADES FOR WIND 
TURBINES 
Torben K. Jacobsen 
R&D Department 
LM Glasfiber A/S 
Rolles Møllevej 1 
DK-6640 Lunderskov 
tkj@lmglasfiber.com 
Introduction 
Rotor blades for wind turbines have grown in length with approximately 3-5 m per year 
during the last decade. Today, the typical length of a blade is 35-45 m and three blades are 
used to create a 1.5 to 3 MW turbine. One of the largest blades in the world is produced by 
LM Glasfiber, see Figure 1. It is 61.5 m long and mounted on a 5 MW turbine. The 
development trend has been towards light-weight blades and the use of sandwich structures in 
blades have thus been increasing. Today, sandwich structures constitute a large part of the 
materials used in a blade. 
 
Figure 1: LM Glasfiber’s 61.5 m long blade next to the F-16 military fighter. 
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At LM Glasfiber the main processing technique for producing blades is the vacuum assisted 
resin transfer moulding process (VARTM). Therefore, we will focus on the sandwich 
structures that go hand in hand with this processing technique and the necessary advances in 
technology that would lead to even more competitive blade designs. 
 
Sandwich structures in rotor blades 
The sandwich structures are created in-situ during the infusion process and the core materials 
are thus also used as processing media. Typical this is done by making grid-scoring patterns 
in the bulk core material to create highly flexible cores that can follow double curved 
surfaces. The saw cuts enable resin flow during the vacuum infusion process. The two most 
commonly used core materials are PVC foam and balsa wood.  
In the shells the primary function of the sandwich structures is to distribute the shear forces 
from the surface air pressure (lift) between the edge- and the flap-wise primary structure. The 
stability of the two shells is managed by one or more shear webs connecting the two shells. 
The shear webs are flat sandwich structures, where there is no need for drapability. Besides 
this there is a minor use of sandwich structures as e.g. bulk heads to make local 
reinforcements (e.g. lifting points) or as platforms and covers inside the blade. 
 
Requirements to core materials for rotor blades 
In this section we will outline the issues that have to be considered when choosing and 
designing a core material for sandwich structures in rotor blades for wind turbines. 
Mechanical properties 
A high specific out-of-plane shear modulus and strength is the main mechanical property of 
the core material itself to enable the sandwich structure to carry large shear loads and restrict 
buckling. Besides this it is desirable that the following properties are as high as possible: 
• Yield shear stress within a temperature range of (-50 C to +60 C). 
• Interfacial shear strength between glass fibre skin and core material 
• Fatigue resistance that prevents shear failure in core and interfacial delaminations 
developing from small processing defects. 
 
Processing properties 
The core material has to be an integrated part of the vacuum infusion of the composite 
structure and thus assist in distributing the resin to impregnate the glass fibre skins. The resin 
uptake in the core material should be kept at a minimum. Low density foams usually have 
larger cells and the amount of resin uptake therefore increase. Coatings are usually applied to 
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balsa wood to reduce the resin uptake within the wood structure. To enable the cores to follow 
the double curvature geometry of a rotor blade it is state of art to cut or saw the cores into 
small blocks and glue these blocks on e.g. a thin glass fibre mesh. The space between the 
blocks acts as fast resin transportation lanes. The resin mesh created in between the core 
blocks also adds additional shear stiffness to the core. However, the additional resin increases 
the weight of the sandwich structure and today it is not common to include the additional 
stiffness of the resin mesh in the calculations of the structure. The reason is that the stiffness 
contribution will depend heavily on the geometry of the blade i.e. how much the rectangular 
blocks separate from each other. 
The core materials must also be suitable for machining and be tough enough such that e.g. 
thin sections at the end of a tapering core do not break off during handling and layup of the 
cores in the mould. Dimensional stability is also a pre-requisite for a successful fit in the 
mould. 
During the curing of thermoset resins a high temperature of 60-120 C is usually needed to 
speed up the production throughput. The temperature can be created by either heating the 
mould, take advantage of exo-thermic curing or combinations thereof. The high temperature 
exposure takes usually around 1 to 6 hours. The core must not release gasses entrapped during 
foaming or release moisture as this can create air-voids and interfacial delaminations. 
 Environmental impact 
Core materials must be recyclable to protect the environment and lower the cost of disposal.  
 
Challenges 
New core developments arising are mostly focused on matching the properties of either PVC 
or balsa wood and thus act as sources of alternative supply (substitution materials). 
Furthermore, the market for PVC foam and balsa wood is largely controlled by a few large 
players. The large growth within the composites industry has led to shortage in supply of core 
materials with significant cost increases as a result. 
The future challenge is therefore to develop a “game-changer” type of core material for 
industrial applications. In particular, this material must fulfill the following requirements: 
• Large reduction in cost of specific shear modulus. 
• Materials can be locally sourced, produced world-wide and thus exhibit short lead times.  
• Low variation in properties. 
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The advantages of sandwich structures are commonly claimed to be that not only can one 
design a structure with very high stiffness and strength to weight ratio, but also that one 
inherently obtains a number of added functions. Those functions are for example thermal 
insulation, good sound reduction, high specific energy absorption, and particularly that one 
has a wide choice of materials to select from. That one can obtain high stiffness and strength 
is not arguable, but one can debate whether all the integrated functions are really possible. 
This depends on the material selection, the design and the application. 
In some areas of applications sandwich structures have been used for quite some time, 
mainly due to the above advantages, or combinations thereof. In Naval structures for example, 
the development has lead to designs that further enables integration of functions, resulting in 
even more efficient structures. This development has by no means slowed down and future 
hull structures are being developed for which the requirements are even more demanding. To 
enable this, new materials, material combinations and structural concepts are being 
investigated. 
In other areas of applications sandwich structures are not used much. There are many 
reasons for that, for example structural integrity issues, damage tolerance, sound and 
vibration, joining, or manufacturing. A not uncommon problem for the further and wider use 
of sandwich structure is the lack of experience among engineers. Another is the cost of 
materials and completely new manufacturing methods (compared to traditional metals 
structure manufacturing). In some sense, the sandwich “community” is faced with a 
pedagogical problem trying to convince the industry of the potential advantages of using 
sandwich structures. Low weight alone is usually not enough as an argument. 
The theory of sandwich structures has over the years evolved and today the engineer has a 
wide range of available tools to design sandwich structures. There is still need however for 
more research work into issues like damage tolerance, sound absorption, etc. One of the next 
major hurdles is to further develop efficient manufacturing methods, both in terms of making 
sandwich panels but also in the joining of complete structures and fastening of equipment. 
A more generic problem is that of multi-disciplinary design. Although we have (most of) 
the tools required to design a sandwich structure for high structural efficiency or, for example, 
for good acoustic properties, these designs are commonly not compatible meaning that the 
best structure for carrying load is not necessarily the best one for acoustics, and vice versa. 
The “sub-optimization” for individual requireme nts often leads to higher cost and higher 
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weight. This creates a need for integrated design. Since most of the costs and weight are 
assigned during the preliminary design phase of a structure, such integrated design processes 
are particularly suited for that phase. Optimiza tion procedures are nowadays more frequently 
used for this purpose, for example for minimizing structural weight given certain design 
constraints. Integrated design using optimization, or multi-disciplinary design optimization 
(MDO), which couples many different constraints is something that holds great potential in 
the future, particularly for sandwich structures. MDO would include structural constraints, as 
well as acoustical, manufacturing, dynamics, etc. aiming at finding better overall structural 
solutions. Potentially also materials selection could be included.  
Since low weight is the main driver for sandwich structures one needs to find arguments 
for the exploitation of that. One option is to assign a cost on weight. If so, one can compare 
different concepts on an equal basis. For example, is a higher manufacturing cost or the use of 
more expensive materials balanced against lower weight? This requires a more long-term 
strategy from the end-users of structures. One way of estimating the cost of weight for a 
vehicle is simply to calculate the life-time fuel burn cost per unit structural weight. This cost 
would differ between different applications. A commercial airliner or passenger ferry will 
have a fairly high cost since the total energy consumption over the life-time will be high, 
while for example a car will have a much lower cost. Another important issue in this 
discussion is that different people will have different views being a vehicle manufacturer or 
an end-user. 
An interesting possible future scenario is to use life cycle cost (LCC) as an objective for 
multi-disciplinary design optimization. What does th e structure look like that gives the lowest 
life cycle cost? Another potentially very influe ntial driver towards more high-performing 
structural concepts that could dramatically increase the use of light-weight sandwich 
structures is the threatening climate chance. It will very likely in the near future increase the 
price of fuels and possibly also force a wide introduction of CO2-emission taxes. This will 
undoubtedly increase the cost of weight allowing for the introduction of light weight materials 
and structures in a much wider range of applications. 
Although the environmental concerns are a great challenge, it also provides opportunities 
both for academia and industry. Future vehicles will have to be more fuel efficient and thus 
lighter enforcing the use of high performing materials and structures. One obvious route 
towards that is an extended use of sandwich structures and materials.  
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Summary. This article provides an up-to-date review of research findings concerning the 
effects of sea water on closed cell polymeric foams and sandwich structures.  Those foams, as 
well as the carbon/vinyl ester composite facings, were studied individually and in their 
sandwiched combination.  The investigations considered the processes of water ingress, water 
induced damage, wet and dry material properties and expansional deformations.  
Experimental results were supported by appropriate analytical models.  
1 INTRODUCTION 
The utilization of polymeric composite based sandwich structures in naval craft is of 
current interest to US and several European navies.  Their lightweight lowers the center of 
gravity of the naval vessels, when incorporated in the super structure, and similarly increase 
the buoyancy of submersibles. 
Exposure to sea ambience induces environmental effects into both polymeric facings and 
polymeric foams. It was established in earlier works that the ingress of sea water is essentially 
confined to the outer, exposed, facing of the sandwich structure and to just a few adjacent 
cells of the foam core. Similarly, it was found that the effect of exposure to external 
temperature remain delimited to the outer facings for a significant time due to the high 
thermal insulation provided by the PVC foam and polymeric resin in the facing.  
Consequently, both foregoing environmental effects induce an essentially one-sided 
expansion into the sandwich structure that tends to distort its shape. 
Sea water tends to swell and reduce the mechanical properties of both foam and facing 
components of the sandwich lay-up.  The above reduction, which is most pronounced within 
the cellular foam, was investigated experimentally by means of custom made shear apparatus 
and test specimens and supported by analysis. 
The aforementioned findings, which were obtained in several previous works [1,2,3,4,5,6], 
are discussed in this article. 
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2 SEA WATER EFFECTS ON CLOSED CELL POLYMERIC FOAMS 
2.1 Water ingress and water induced damage 
Weight gain data were obtained by immersing flat foam samples of several thicknesses and 
recording results against immersion time up to saturation.  Results for the saturated weight 
gains of H-100 foams are shown in Figure 1 vs. sample thickness [1]. 
Figure 1: Typical relative weight gain of H100 PVC foam 
The results, which could be approximated by M = 1/h (M denoting % weight-gain at 
saturation and h sample thickness) suggested that sea water is confined to within thin layers of 
fixed dimensions near the exposed boundaries. 
The above proposition was confirmed by detailed observations, such as shown in Figure 2, 
demonstrating that sea water was indeed confined to within the outer, exposed, cells [2]. 
Additional verification of the above observation was obtained by the immersion of a 25 
mm thick slab of foam up to saturation, then slicing it into 2 mm thin layers parallel to its 
exposed surface and recording weight losses.  Results are shown in Figure 3, where most of 
the weight-loss was recorded for the outer layer. 
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Figure 2:  Photo of water confinement to outer cells
Figure 3: Weight loss data for 2 mm thin slices cut from the outer and interior layers of a (25 mm)3 H100 foam 
Note that the 0.6% weight loss from the inner layers is consistent with experimental data, 
not included herein, that some water enters the foam due to its permeability.  
It was established, by means of confocal microscopy, that sea water damages the cell’s 
walls by deforming them into what appears to be buckled shapes and puncturing them as well.  
Microscopic observations are shown in figures 4a and 4b [1]. 
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Figure 4a: Sea water causes swelling of foam cell walls, 4b Confocal microscope photograph shows damage 
(pits and breakage of cell walls) inside the core, 1.78 mm below the surface 
A mechanics based model was generated for the purpose of explaining the three 
paramount issues associated with the aforementioned data, namely, what is the mechanism of 
water ingress, why is it time dependent, and why does it stop.  The basic premises of the 
above model are that water ingress is caused by the sequential buckling of cellular walls – 
where sea water induced swelling within the outer layers is inhabited by the dry, inner core of 
the foam.  The buckling process is time dependents because of the viscoelastic relaxation of 
the walls’ moduli as they absorb water, and the process comes to a halt when the water-filled 
cells are bounded by short walls that resist further buckling.  Typical model predictions are 
shown in Figures 5 and 6.  While Figure 5a demonstrates the time-dependent configurations 
of wet/dry boundaries for a specific cellular configuration, Figure 5b exhibits the scatter in 
weight-gain predictions in several randomly selected such configurations. 
Figure 5(a, b): Sequential water ingress into a Voronoi cell representation of foam. Progressive ‘‘equilibrium’’ 
configurations at increasing time are shown in Fig 5a for a specific random choice of cellular configuration 
Figure 5b shows predicted weight gain vs. time for five random configurations 
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 2.2 Material properties 
Dry values of tensile and shear moduli were obtained by means of specially designed test 
specimens and test fixures shown below in Figures 6 and 7, resulting in E = 60 MPa and G ~
25 Mpa. 
Figure 6a: Specimen shape and dimensions, 6b: Loading system in tension 
Figure 7:  Shear modulus experimental set up 
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In view of the aforementioned information that the presence of sea water was confined to 
the outer layer of the test specimen, it was decided to measure its effect on the degradation of 
the shear modulus by means of torsional shear tests.  Results are shown in Figure 8, indicating
a 20 % reduction in the overall shear stiffness of the saturated sample within the linear range [3]. 
Figure 8:  Torque vs. rotation angle for dry (---) and saturated (̛) samples 
Since the depth į of the saturated layer could be inferred from previous data (į = 0.145 
mm) this information, together with the knowledge of the specimen’s cross-sectional 
dimensions and the value of G within the dry inner core, yielded a value of 
3.728.0~  GGw MPa, which matched the above overall experimental reduction of 20 %.  
Considering the incompressibility of the water filled saturated layer, it followed that 
22~wE MPa [3]. 
2.3 Expansional strains and fracture toughness 
The expansional strains caused by sea water were recorded during the drying of saturated 
foam samples by means of extensometer, resulting in İH = 2200 μİ.  Thermal conductivity 
was recorded means of a one sided heating imposed on a 25 mm thick foam slab and a careful 
recording of temperatures across its thickness vs. time.  Thermal expansion was recorded by 
means of an extensometer.   The resulting was İT  = 70 μİ/1˚C.
 Mode I fracture toughness was recorded in five dry cases by splitting a pre-cracked 
sandwich sample across its mid-plane under displacement control.  The crack was channeled 
to stay within the mid-plane by means of side notches that were cut along the sample’s length.  
The value of GI was obtained from the standard load/unload data for intermittent values of 
crack length.  For dry foam, this resulted in Average GI = 770 J/m
2 (STD ~ 100 J/m2).
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3 FACINGS
The facing material consisted of a symmetrical lay-up of woven cross-ply pairs of 
graphite/vinyl ester polymeric composite with total thickness of 2.7 mm.  The modulus of this 
material along the 0˚ direction was recorded to be 80 GPa, with minimal reduction when 
saturated in sea water.  Saturation upon immersion at 40˚C was achieved within 
approximately three months, with a weight gain of about 0.4 %.  Thermal and sea water 
induced expansions were recorded in the same manner reported above, resulting in Į = 10 
μİ/1˚C and İH = 450 μİ per 1 % weight gain at saturation. The latter test is being repeated at 
present. 
4 SANDWICH SAMPLES 
4.1 Wet and dry interfacial debonding 
Wet and dry debonding toughnesses were recorded by means of a custom-made testing 
set-up, employing 250 mm long specimens measuring 29 mm in height and 25 mm in width, 
and containing an interfacial pre-crack 25 mm long away from the location of load 
application, as shown in Figures 9 and 10 below [4,5]. 
Figure 9:  Delamination testing setup using 0.44 kN load cell  
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Figure 10:  Typical delamination cracks (Dry and Wet sample) 
Testing was done under displacement control, resulting in intermittent crack growth and 
yielding load/unload data for various crack lengths.  It should be noted that in the “wet” case 
it was necessary to re-soak the specimen in sea water for approximately two weeks after each 
unloading step to ascertain th